The design of molecules that damage a selected DNA sequence provides a formidable opportunity for basic and applied biology. For example, such molecules offer new prospects for controlled manipulation of the genome. The conjugation of DNA-code reading molecules such as polyamides to reagents that induce DNA damages provides an approach to reach this goal. In this work, we showed that a bipyridine conjugate of polyamides was able to induce sequence-specific DNA breaks in cells. We synthesized compounds based on two polyamide parts linked to bipyridine at different positions. Bipyridine conjugates of polyamides were found to have a high affinity for the DNA target and one of them produced a specific and high-yield cleavage in vitro and in cultured cells. The bipyridine conjugate studied here, also presents cell penetrating properties since it is active when directly added to cell culture medium. Harnessing DNA damaging molecules such as bipyridine to predetermined genomic sites, as achieved here, provides an attractive strategy for targeted genome modification and DNA repair studies.
INTRODUCTION
Manipulation of genomic sequences presents a great interest in biotechnology and in therapeutics. One way to reach this goal is to induce targeted DNA damages. It is possible to engineer site-specific damaging agents based on the use of a DNA code-reading domain and of a DNA damaging domain. Such an approach has been successfully applied to target DNA breaks. Protein-based endonucleases, namely zinc-finger nucleases, have been engineered and successfully used in cells (1) . On the other hand, synthetic nucleases have demonstrated site-specific cleavage activity in vitro on synthetic or plasmid DNA but to our knowledge not on genomic DNA in cells. Synthetic nucleases that have been described to date are based on triplex-forming oligonucleotides (TFOs) or polyamides as DNA-binding domains and on various cleaving agents (2) . Polyamides, composed of N-methylpyrrole and N-methylimidazole have been originally designed by Dervan and collaborators. Such polyamides folded into hairpin structures are compounds that are able to bind in the minor groove and to specifically recognize a short DNA sequence. The recognition rules of DNA by polyamides have been described (3) and strategies aimed at increasing the size of the binding site have been developed. Bis-hairpin polyamides are able to specifically bind to extended target sites (around 12 bp) as compared to standard hairpin polyamides that commonly recognize 6-7 bp. The possibility to functionalize polyamides has been used to impart biological activity of interest. For example, alkylating agents, such as chlorambucil have been linked to hairpin polyamides (4) (5) (6) and demonstrated a biological activity (7) (8) (9) (10) (11) . A few studies have revealed that polyamides can also be used to induce DNA cleavage: nucleases involving phenanthroline derivatives connected to polyamides have shown the capacity to cleave DNA in vitro (12) (13) (14) . Until now and to our knowledge, no data on damaging activities in cells of the latter artificial nucleases based on oxidation by metals are available in the literature. However, nucleases based on copper coordinated to phenanthroline ligands present many potential advantages for biological applications. Cleavage reactions produce DNA strand breaks without piperidine treatment (15, 16) and oxidative cleavage with phenanthroline ligands prevents formation of diffusible reactive oxygen species that are known to be toxic for cells; it has been determined that a presumed oxo-copper intermediate, whose structure remains unknown, is the reactive species (17) . In addition, a labile copper pool that can be used by the nuclease in situ is strongly suspected in cells (18) and one study has shown that free phenanthroline cleaves DNA in a cellular context with endogenous copper and reductant (19) . Similarly to phenanthroline, bipyridine, a structurally related molecule, is able to induce DNA damage in the presence of copper ions (20, 21) , although its cleavage properties and mechanism have been less studied.
In this article, we engineered an original conjugate consisting of a bipyridine as a metal ligand linked to polyamides, which is able to specifically cleave its DNA target in cells. For this purpose, we used the bipyridine moiety as a linker between two hairpin polyamides, in order to combine nuclease activity and an extended DNA target site. Different conjugates varying by the attachment point of the polyamides on the bipyridine were tested in vitro to determine, which of them displays the highest specific cleavage activity. The capacity of the selected molecule to reach the cell nucleus and then to induce specific double-strand DNA cleavage intracellularly was then demonstrated.
MATERIALS AND METHODS

Materials and general procedures
Reagents and solvents were purchased from (SigmaAldrich-Fluka, Saint Quentin Fallavier, France), VWR and Acros Organics. 2,2 0 -Bipyridine, 2,2 0 -bipyridine-3,3 0 -dicarboxylic acid, 2,2 0 -bipyridine-4,4 0 -dicarboxylic acid, 2,2 0 -bipyridine-5,5 0 -dicarboxylic acid, 15-aminophenanthroline and phenanthroline-2,9-dicarboxylic acid were from Aldrich. Oligodeoxyribonucleotides were purchased from (Eurogentec, Seraing, Belgium). Polyamides were prepared according to Syniakov et al. (22) . 4-Oxo-4-(1,10-phenanthrolin-5-ylamino) butanoic acid was prepared as described previously (23) . The polyamide conjugates were analyzed on a Xterra (Milford, USA) C18 column (7 mm-7.8 Â 300 mm i.d.) with a gradient of acetonitrile/0.1% TFA (from 0% to 90% up in 40 min) in water/TFA 0.1% at a flow rate of 2 ml/min. Detection at the output of the HPLC column was provided by UV absorbance at 260 and 310 nm. Mass spectrometry analysis and electrospray Q-TOF (ES Q-TOF MS) were performed on a Q-Star instrument (Applied Biosystems, Courtaboeuf, France). In the positive mode analysis, the sample were dissolved in a solution of acetonitrile and water (50/50, v/v) that contained 1% of formic acid. Syntheses of compounds are available in Supplementary Material.
Plasmid
The (+)PPT/luc plasmid (8850 bp) contained the target sequence 5 0 -T 5 A 4 GA 4 G 6 A-3 0 corresponding to the oligopyrimidine oligopurine tract named PPT; this sequence is present in the 29 bp duplex used in the present study ( Figure 2 ). The (+)PPT/luc plasmid was previously described in more detail (24) .
Cells
The CMV(+)PPT/HeLa cells were derived from HeLa/ Tet-on cells (Clontech, Saint-Germain-en-Laye, France) and were previously described (25) .
Complex formation and binding affinity between conjugates and target dsDNA
The DNA-polyamides complex formation was followed by gel shift assays with fluorescent or 32 P-labeled DNA target fragment and various concentrations of conjugates. The samples containing 2 nM DNA target fragment and various concentrations of conjugates (between 10 mM and 0.01 nM) in 50 mM HEPES pH 7.3, were loaded on 20% nondenaturing polyacrylamide gel and electrophoresis was carried out at 378C. Radioactivity or fluorescence were detected on PAGE gels by a (Amersham-Pharmacia, Orsay, France) Typhoon instrument and treated with Image Quant software (Molecular Dynamics, Orsay, France). Apparent dissociation constant K d were obtained by fitting the data with the equation:
where C corresponds to the complex ratio, L corresponds to the initial ligand concentration and D is the initial concentration of the duplex.
In vitro cleavage assays
Synthetic DNA target. A mixture of 32 P-labeled and nonlabeled intramolecular duplex (40 nM) was incubated in 50 mM HEPES pH 7.2 and 50 mM NaCl in the presence of 10 mM copper sulfate (CuSO 4 ); the conjugates were added at various concentrations and the reaction was started by addition of 3 mM of mercaptopropionic acid (MPA). The mixtures were incubated for 20 h at 48C. Reaction was stopped by ethanol precipitation and the reaction products were resolved on a denaturing 15% polyacrylamide 7 M urea gel and analyzed with a Typhoon instrument.
Plasmid target. Supercoiled (+)PPT/luc plasmid (SC) was incubated in the presence or in the absence of various concentration of Bpy5 conjugate and 10 mM CuS0 4 in a buffer containing 50 mM HEPES pH 7.2, 50 mM NaCl, 10 mM MgCl 2 ; the reaction was started by addition of MPA (3 mM), and carried out at 378C for 17 h. After the cleavage reaction, the cleavage products from the supercoiled plasmid have been digested by BamHI before loading as indicated. Plasmid cleavage by a phenanthroline conjugate of triplex-forming oligonucleotide (OP-TFO) that was targeted to the PPT sequence 5 0 -T 5 A 4 GA 4 G 6 A-3 0 was used to identify the fragments originating from cleavage occurring at this site: the two fragments have sizes of 6160 bp and 2690 bp when BamHI was used for linearization.
Intracellular cleavage assay
CMV(+)PPT/HeLa cells were treated by Bpy5 bipyridine conjugate or free bipyridine.
Fluorescence immunolabelling. Twenty-four hours after treatment, phosphorylated histone variant H2AX was detected by immunolabeling. Immunolabeling was performed using standard procedure (26) and antiPhosphoH2AX antiboby (Upstate, monoclonal clone JW301) followed by TRITC-anti-IGg-Fc-specific Mouse antibody (Sigma). In order to stain the nuclei, slides were then incubated with DAPI, then washed and mounted using a Mounting Medium for fluorescence (Vector, Marne La Valle´e, France). Observation of immunolabeled cells was performed using a fluorescence microscope (DMR Leica, Rueil-Malmaison, France).
Quantification of DNA damages by real-time PCR. In parallel to immunofluorescence, real-time PCR analyses were performed 24 h after treatment by Bpy5. Analyses were performed with Mx3005P TM Real-Time PCR System (Stratagene, Amsterdam, Nederlands). Primers were designed to amplifiy (AT)-rich regions located within the same 10 kpb genomic locus. For normalization, primers were designed to amplify a region lacking potential target sites that means (AT or TA) n (with n > 9) sequences (see primer sequences in Supplementary Table 1) .
RESULTS
Synthesis of polyamide-bipyridine conjugates and DNA-binding properties
We have recently characterized DNA-binding properties of bis-polyamides, where the two polyamide parts are connected head-to-head by an iminodiacetic acid linker (27) ; they have revealed affinity for DNA in the nanomolar range and sequence-specific recognition of an extended target of 9 bp when each polyamide was composed of six rings for binding to 4 bp. Here, to exploit these interesting properties, we changed the iminodiacetic acid linker by a bipyridine with the goal to induce DNA break, while maintaining DNA-binding properties ( Figure 1) . Indeed, such a geometry might allow the coordination of the metal ion close to the DNA minor groove, which is necessary for efficient cleavage. The bipyridine moiety was chosen because of its higher flexibility compared to that of phenanthroline and because of the possibility to easily vary the attachment site of the polyamides: various positions of the heterocycle rings were used in Bpy3, Bpy4 and Bpy5 to determine, which of the molecules are able to maintain a correct hydrogen bonding pattern between the polyamides and the DNA double strand and to induce efficient cleavage as well. All coupling reactions between polyamides and bipyridine were done with standard conditions used for peptide synthesis as described in the Supplementary Material.
We first studied the binding properties of the novel conjugates: we synthesized conjugates where the two polyamide hairpins contained six N-methylpyrrole rings for recognition of 4 (AT) or (TA) bp and apparent dissociation constants of conjugate-DNA double strand complexes were determined by gel shift assays using a 29 bp duplex containing a target sequence (see sequence in Figure 2 ). Apparent dissociation constants of Bpy3, Bpy4 and Bpy5 were obtained in the nanomolar range: 1.7, 2.1 and 5.8 nM, respectively. No modification of the dissociation constants was found in the presence of 10 mM of copper ions, i.e. in conditions of cleavage reactions. These values are comparable to that of compound containing an iminodiacetic acid linker (27) that exhibits a K d of 4.8 nM under the same experimental conditions (Supplementary  Table 2 ) and encouraged evaluation of DNA cleavage activity.
In vitro DNA cleavage assays and specificity studies Cleavage activity and specificity of the conjugates were tested on different substrates, a 29 bp duplex ( Figure 2 ) and a plasmid (Figure 3 ). Experiments were done with mercaptopropionic acid (MPA) as the copper reductant.
First, a 29 bp intramolecular duplex was used as a target and cleavage products were analyzed by denaturing polyacrylamide gel electrophoresis (Figure 2) . In spite of their strong interaction with the DNA target, Bpy3 and Bpy4 displayed no significant specific DNA cleavage activities even at a concentration of 1 mM (lanes 5-8) .
On the contrary, Bpy5 exhibited a targeted DNA cleavage activity (lanes 9 and 10) and the cleavage pattern showed that the cleavage reaction was restricted mainly to adenines at the positions A [18] [19] , A 41-44 . This result demonstrates that the DNA cleavage was targeted within the 5 0 -T 4 A 5 -3 0 sequence corresponding to the expected target site (28) . Finally, we showed that the two strands of the DNA duplex are substrates and that in the experimental conditions used, the cleavage yield with Bpy5 on the 29 bp target was around 45%.
To further explore the cleavage specificity and the double-strand break activity of Bpy5, experiments were conducted on a 8850 bp plasmid containing the target sequence present in the 29 bp duplex and the cleavage products were analyzed by agarose gel electrophoresis. Experiments were carried out with the supercoiled plasmid and increasing amounts of Bpy5 (Figure 3, lanes 1-3) ; Bpy5 treatment induced linearization of the target plasmid, consistent with double-strand break induction. The selectivity of the double-strand cleavage reaction was studied by using the restriction enzyme BamH1 for linearization of the plasmid and analysis of the lengths of the Bpy5 cleavage products. Four major cleavage sites were detected to be sensitive to Bpy5 activity on the plasmid (Figure 3, lane 8 and 8 Ã ) and the total double-strand cleavage yield was 40%. Identification of the cleavage sites was made using the molecular mass of the cleaved fragments. As expected, one cleavage site is the 5 0 -T 5 A 4 GA 4 G 6 A-3 0 sequence that is present on the 29 bp duplex and on the plasmid as well. It was characterized by the use of a phenanthroline-TFO conjugate that specifically recognizes and cleaves the oligopurine tract 5 0 -A 4 GA 4 G 6 A-3 0 , leading to 6160 and 2690 bp fragments (Figure 3 , lanes 9 and 9 Ã ). Based on the recognition code that was established by Dervan and collaborators for hairpin polyamides, the bis-polyamide used in the conjugate should bind to two runs of four contiguous AT or TA base pairs. We ran sequence analyses to further characterize the specificity of the polyamides studied here. First, we looked for (AT or TA) n with n > 9 and also for (AT or TA) 4 S(AT or TA) 4 or (AT or TA) 4 S 2 (AT or TA) 4 (with S=C or G) sequences since the bipyridine moiety used as a linker between the two polyamides parts is not known to recognize specific base pairs: 18 (Supplementary Table 2 ), 41 and 40 sequences were found on the plasmid, respectively. Our data showed that the sequences 5 0 -T 4 AWW-3 0 or 5 0 -A 4 T 3 WW-3 0 (with W=T or A) seem to be the preferred binding sites for the bipyridine conjugate: these sites are consistent with the production of 6589, 2261, 8090, 760, 1870 and 6980 bp long cleavage products. In conclusion, we showed that Bpy5 exhibits a specific cleavage activity only for a category of AT-rich sequences: this result is consistent with the cleavage pattern observed on the 29 bp target, where the 5 0 -T 4 A 5 -3 0 sequence was preferred to the 5 0 -T 4 CT 4 -3 0 one and reinforces our previous results obtained with a structurally related bis-polyamide containing an iminodiacetic linker (27) , demonstrating a higher sequence specificity for such bis-polyamides compared to that predicted on the basis of recognition rules currently used (3).
Intracellular DNA damaging activity of Bpy5 polyamide-bipyridine conjugate
We first evaluated the intracellular DNA damaging activity of the conjugates by immunodetection of the phosphorylated form of the variant histone H2AX, named gH2AX. H2AX protein is phosphorylated at serine 139 following DNA break induction (28) and the detection of gH2AX nuclear foci represents a well-established way to visualize genomic breaks by immunofluorescence. Bpy5 was added to cells and gH2AX foci were examined at increasing times after treatment. Using direct addition in the cell culture medium, a few foci started to be detected 10 h after treatment and the foci number increased to reach its highest level at 24 h ( Figure 4A ). Almost the same type of results were obtained with the free bipyridine. The data demonstrated that Bpy5 can reach the nucleus and induce genomic breaks in a cellular environment. We next sought to examine whether Bpy5 induced breaks in the genome specifically at its predicted target sequences as observed in vitro on a plasmid substrate. To address this question, we chose to quantify Bpy5-induced breaks at both potential target sites that we identified in vitro (Figure 3) , i.e. 5 0 -T 4 A 3 WW-3 0 or 5 0 -A 4 T 3 WW-3 0 (with W=T or A) and another type of (AT)-rich sequences with (AT) n (n > 9). We quantified damages by real-time PCR using different sets of primers flanking the various (AT)-rich regions. In this assay, the PCR inhibition reflects the level of DNA modifications induced on both DNA strands in the vicinity of the target site. To evaluate the specificity of Bpy5 conjugate, we compared its effect to that of free bipyridine. Results of PCR inhibition are depicted in Figure 4B . The remaining amplification of DNA from cells treated by Bpy5 varied with the nature of the target sequence. Remarkably, preferential cleavage of 5 0 -T 4 A 3 WW-3 0 or 5 0 -A 4 T 3 WW-3 0 with W=T or A, which was observed with Bpy5 in vitro did also exist in cells. In contrast, no specific inhibition was observed at the 5 0 -A 4 TTAT-3 0 sequence since Bpy5 and the free bipyridine exhibited there almost the same activity. Interestingly, for the preferred sequences, a strong inhibition can be obtained with >90% PCR inhibition.
DISCUSSION
Our results demonstrate for the first time the capacity of molecules containing a metal ligand like bipyridine attached to two hairpin polyamides to induce targeted DNA damage both in vitro and in cultured cells. Polyamides have been successfully used for cell applications, showing interesting biological activity, especially by competing with transcription factors binding [for a recent example, see ref. (29)]. With the goal to increase their efficiency, they have been conjugated to DNA damaging agents. Polyamide-chlorambucil conjugates have been used to induce DNA alkylation at their target site (30) and interfere with gene transcription at the elongation level (7) . Phenanthroline derivatives have also been attached to polyamides or other DNA-code reading molecules but only used in vitro. Here, we synthetized an original conjugate of polyamide that exploits the structural feature of the bipyridine moiety to use it as a linker between two polyamide parts. Such engineered nuclease allows both to target extended sequences compared to standard hairpin polyamides and to provoke DNA cleavage at the target site.
To obtain bipyridine conjugates of polyamides with DNA cleaving activity, we have screened for the optimized geometry of such conjugates. All the synthetized conjugates Bpy3, Bpy4 and Bpy5 exhibited dissociation constants in the nanomolar range as observed with an iminodiacetic acid linker. Interestingly, the use of bipyridine as a linker to connect the two polyamides seems appropriate as compared to phenanthroline moieties (see chemical structures in Supplementary Figure 1) , since the corresponding phenanthroline conjugate (Phe2) showed a 50-or 100-fold higher dissociation constant compared to Bpy5 or Bpy4, respectively (Supplementary Table 2 ). This is probably due to the enhanced rigidity of the phenanthroline core, as compared to that of the bipyridine molecule, which can adopt a twisted conformation. Indeed, it has already been shown that the affinity of bis-hairpin polyamides for the target depends on the structure and the size of the linker between the two minor groove binders (31) . Concerning the cleavage activities of Bpy3, Bpy4 and Bpy5 conjugates, it strongly depends on the attachment site of the polyamides on the bipyridine moiety. Indeed, in spite of their good affinity, no DNA cleavage was observed with Bpy3 and Bpy4 compounds: the twisted or transoid conformation that could be adopted by the bipyridine for correct interaction of the polyamides in the minor groove might be an explanation, such conformation likely preventing copper coordination and correct interactions with the sugar backbone. For Bpy5, direct cleavage of the target and 3 0 shifted pattern were observed, supporting the notion that the mechanism of DNA cleavage by the bipyridine conjugate is quite similar to that described for phenanthroline (17) .
Concerning the sequence specificity of Bpy5-induced cleavage, we showed that it is higher than predicted on the basis of DNA recognition by the polyamide parts. Such restriction in the repertoire of target sequences was already described for a bis-polyamide whose structure was close to the one of Bpy5 (27) . This increased specificity might be explained by a more constrained structure adopted by this type of bis-hairpin polyamides compared to that of the hairpin polyamide alone. This result supports the fact that the DNA recognition code for bispolyamides will need to be complemented by systematic investigation of their sequence specificity, as recently done for standard hairpin polyamides (32). For Bpy5, one possible explanation for its preference for short alternated purine/pyrimidine blocks among (AT)-rich sequences may be the unusual conformation of such sequences (33, 34) , that favors a DNA bent structure.
The ability of Bpy5 to induce cleavage in cells was first demonstrated by immunofluorescence experiments using H2AX antibodies, although the cleavage mechanism and the nature of lesions remain to be characterized and especially the nature of the metal involved in the cleavage reaction. We also demonstrated that DNA breaks were sequence-specific and corresponded to predicted Bpy5-binding sites. To quantify Bpy5-induced DNA damages, we adapted a PCR-based assay that we have recently developed for quantification of triplex induced cross-links (25) . This assay permits to quantify lesions occurring on both strands of DNA and able to block the PCR reaction. Remarkably, the Bpy5 sequence specificity observed on genomic DNA perfectly fits with the one observed on a target plasmid in vitro, with the same sequence preference for short alternated purine/pyrimidine blocks. Finally, DNA lesions were obtained when Bpy5 was directly added to the cell-culture medium, demonstrating their ability to spontaneously reach the nucleus.
In conclusion, our results establish the biological properties of Bpy5, a polyamide-bipyridine conjugate and encourage further developments of bipyridine conjugates as synthesized here. The possibility to target DNA breaks to specific genomic sites can be exploited for applications aimed at targeted genome modification. Among them, induction of targeted mutations following DNA repair (35) or stimulation of homologous recombination in gene targeting approaches are attractive (1) but the target size of polyamides, even if extended to around 10 bp as achieved here, might be too short and could generate toxic effects. However, for repair studies, it is of high interest to target breaks at determined genomic sites with high efficiency and one advantage to the use of polyamidebipyridine conjugates is their ability to induce breaks with a different chemistry in contrast to the protein-based nucleases that are available to date (36) .
